MicroRNAs (miRNAs) are ~21 nucleotide long RNAs processed from nuclear encoded transcripts, which include a characteristic hairpin-like structure. MiRNAs control the expression of target transcripts by binding to reverse complementary sequences directing cleavage or translational inhibition of the target RNA. Artificial miRNAs (amiRNAs) can be generated by exchanging the miRNA/miRNA* sequence within miRNA precursor genes, while maintaining the pattern of matches and mismatches in the foldback. Thus, for functional gene analysis, amiRNAs can be designed to target any gene of interest. The moss Physcomitrella patens exhibits the unique feature of a highly efficient homologous recombination mechanism, which allows for the generation of targeted gene knockout lines. However, the completion of the Physcomitrella genome necessitates the development of alternative techniques to speed up reverse genetics analyses, and to allow for more flexible inactivation of genes. To prove the adaptability of amiRNA expression in Physcomitrella we designed two amiRNAs, targeting the gene PpFtsZ2-1, which is indispensable for chloroplast division, and the gene PpGNT1 encoding an N-acetylglucosaminyltransferase. Both amiRNAs were expressed from the Arabidopsis thaliana miR319a precursor fused to a constitutive promoter. Transgenic Physcomitrella lines harboring the overexpression constructs showed precise processing of the amiRNAs and an efficient knock-down of the cognate target mRNAs. Furthermore, chloroplast division was impeded in PpFtsZ2-1-amiRNA lines which phenocopied PpFtsZ2-1 knockout mutants. We also provide evidence for the amplification of the initial amiRNA signal by secondary transitive siRNAs, although these siRNAs do not seem to have a major effect on sequence-related mRNAs, confirming specificity of the amiRNA approach.
INTRODUCTION
During the last decade small non protein coding in size) have been demonstrated to be involved in RNA-mediated phenomena such as RNA interference (RNAi), co-suppression, gene silencing and quelling (Matzke et al., 1989; Napoli et al., 1990; de Carvalho et al., 1992; Romano and Macino, 1992; Lee et al., 1993; Hamilton and Baulcombe, 1999) . Major classes of small RNAs include microRNAs (miRNAs) and small interfering RNAs (siRNAs), which differ with respect to their biogenesis (Bartel, 2004; Chapman and Carrington, 2007) . MiRNAs are ~21 nt RNAs that are encoded by endogenous MIR genes. Their primary transcripts form precursor RNAs exhibiting a partially doublestranded stem-loop structure that is processed by DICER-LIKE proteins to release mature miRNAs (Bartel, 2004) . MiRNAs are recruited to the RNA induced silencing complex (RISC), where they become activated by unwinding of the double strand and subsequently bind to complementary mRNA sequences resulting in either direct cleavage of the mRNA or repression of their translation by RISC (Bartel, 2004; Kurihara and Watanabe, 2004; Brodersen et al., 2008) . Recently, miRNAs have been identified as important regulators of gene expression in both plants and animals (Jones-Rhoades et al., 2006) , and particular miRNA families were shown to be highly conserved in evolution (Jones-Rhoades et al., 2006; Axtell et al., 2007; Fahlgren et al., 2007; Fattash et al., 2007; Axtell and Bowman, 2008) . In contrast, precursors of siRNAs form perfectly complementary double-stranded RNA (dsRNA) molecules (Myers et al., 2003) . They originate from transgenes, viruses and transposons and may require RNA-dependent RNA polymerases for dsRNA formation (Waterhouse et al., 2001; Aravin et al., 2003) . Unlike miRNAs, the diced siRNA products derived from the long complementary precursors are not uniform in sequence, but correspond to different regions of their precursor. Whereas miRNAs mainly mediate post-transcriptional control of endogenous transcripts, siRNAs have been implicated in transcriptional silencing of transposable elements as well as post-transcriptional control of endogenous and exogenous RNAs, for example viral transcripts (Waterhouse et al., 2001; Aravin et al., 2003; Myers et al., 2003; Ossowski et al., 2008) .
Previous reports demonstrated that the alteration of several nucleotides within the miRNA sequence does not affect its biogenesis as long as the positions of matches and mismatches within the precursor stem-loop remain unaffected (Vaucheret et al., 2004) . This raises the 6 possibility to modify miRNA sequences and create artificial miRNAs (amiRNA) directed against any gene of interest resulting in post-transcriptional silencing of the corresponding transcript (Zeng et al., 2002; Parizotto et al., 2004; Alvarez et al., 2006; Niu et al., 2006; Schwab et al., 2006; Warthmann et al., 2008) . In addition, genome-wide expression analyses in Arabidopsis thaliana have shown that plant amiRNAs exhibit a high specificity similar to natural miRNAs (Schwab et al., 2005; Schwab et al., 2006) , such that their sequences can easily be optimized to knock-down the expression of a single gene or several highly conserved genes without affecting the expression of other genes.
The moss Physcomitrella patens has become a recognized model system to study diverse processes in plant biology which was mainly based on the unique ability to efficiently integrate DNA into its nuclear genome by means of homologous recombination enabling the generation of targeted gene knockout lines (Schaefer, 2002) . Furthermore, based on the predominant haploid phase of Physcomitrella's life cycle the frequency of phenotypic deviations caused by the disruption of a single gene is higher compared to seed plants (Egener et al., 2002) .
Nevertheless, the generation of targeted knockout mutants in Physcomitrella has limitations.
For example, despite the haploid genome, homologs might still compensate for each other and one cannot recover knockouts of genes with essential functions. Furthermore, the targeted knockout of a single gene requires several cloning steps, repetitive selection of transgenic lines and a detailed molecular analysis of putative knockout candidates. The recently published Physcomitrella genome (Rensing et al., 2008) now opens the way for medium to large-scale analysis of gene functions in a post-genomic era (Quatrano et al., 2007) requiring the development of new techniques. The post-transcriptional silencing of genes by amiRNAs may serve as an appropriate tool to speed up such analyses as they can be designed to target several genes (as long they contain at least one conserved sequence stretch), amiRNAs can be expressed from inducible promoters, and amiRNA constructs can easily be generated using a standardized cloning procedure (Schwab et al., 2006) . Alternative approaches to analyze gene functions in Physcomitrella were recently reported, which were based on the expression of classical inverted repeat sequences resulting in the formation of double-stranded RNA molecules, which give rise to siRNAs and consequently silence the target transcript (Bezanilla et al., 2003; Bezanilla et al., 2005; Vidali et al., 2007) .
One drawback to applying classical RNAi constructs is the production of a diverse set of siRNAs from the complete dsRNA, which may affect off target transcripts. Furthermore, in some cases, gene silencing triggered by the expression of inverted repeat sequences was found to be unstable in Physcomitrella (Bezanilla et al., 2005) . Additional differences in the action of siRNAs and amiRNAs may result from their varying mobility within the plant. Recent studies have shown that transgene-derived or viral-induced siRNAs are able to move from cell to cell whereas miRNAs are not mobile and act cell autonomously (Tretter et al., 2008) .
Independent studies on small RNAs in Physcomitrella revealed the existence of a diverse miRNA repertoire including highly conserved miRNA families (Arazi et al., 2005; Axtell et al., 2006; Talmor-Neiman et al., 2006; Axtell et al., 2007; Fattash et al., 2007) . Furthermore, their corresponding precursor transcripts share the characteristic hairpin-like structure known from seed plants. Thus, the design and expression of amiRNAs for the specific knock-down of genes in Physcomitrella should be feasible. To test amiRNA function in Physcomitrella we targeted the gene PpFtsZ2-1, which is required for chloroplast division (Strepp et al., 1998) , and PpGNT1 gene encoding an N-acetylglucosaminyltransferase (Koprivova et al., 2003) .
PpFtsZ2-1 null mutants form macrochloroplasts, presenting an obvious phenotype, which enables a direct evaluation of the efficiency of the intended amiRNA approach.
RESULTS
Expression and detection of PpFtsZ2-1-amiRNA and PpGNT1-amiRNA in Physcomitrella
The use of amiRNAs for efficient gene silencing has been reported in various seed plants (Alvarez et al., 2006; Niu et al., 2006; Schwab et al., 2006; Warthmann et al., 2008) , but it has not been tested in non-seed plants such as the bryophyte Physcomitrella patens. This is an issue, as functional studies of essential members of the RNAi machinery in Physcomitrella, such as Dicer and Argonaute proteins, are still missing (Axtell et al., 2007) . Furthermore, the complement of essential RNAi related proteins in Physcomitrella differs from that in seed plants (Axtell et al., 2007; Rensing et al., 2008) .
We designed two amiRNAs that were predicted to target the genes PpFtsZ2-1 and PpGNT1, respectively, using the amiRNA designer interface WMD (Schwab et al., 2006; Ossowski et al., 2008) . The designed amiRNAs contain an uridine residue at position 1 and an adenine residue at position 10, both of which are overrepresented among natural plant miRNAs and increase the efficiency of miRNA-mediated target cleavage (Schwab et al., 2005 8 Furthermore, we also preferred that the amiRNAs exhibit 5' instability relative to the miRNA* which positively affects separation of both strands during RISC loading (Fig. 1A) (Mallory et al., 2004; Schwab et al., 2005) . In previous studies, the Arabidopsis miR319a precursor was used to introduce specific nucleotide changes within the miRNA/miRNA* stem-loop region.
Based on the conservation of the miR319 family among land plants (Jones-Rhoades et al., 2006; Fattash et al., 2007; Axtell and Bowman, 2008; Warthmann et al., 2008) and similar secondary structures of miR319 precursor transcripts from Arabidopsis and Physcomitrella (Fig. 1B, Supplemental Fig. S1 ), we hypothesized that the PpFtsZ2-1-amiRNA and PpGNT1-amiRNA will be correctly processed from the Arabidopsis miR319a precursor. The PpFtsZ2-1-amiRNA and PpGNT1-amiRNA and the corresponding miRNA* sequences were introduced into the miR319a precursor by overlapping PCR using primers harboring the respective amiRNA and miRNA* sequences, cloned into the plant expression vector pPCV downstream of a double CaMV 35S promoter ( PpGNT1-amiRNA hybridization signals to the U6snRNA controls revealed amiRNA expression levels which differed up to eightfold for the PpFtsZ2-1-amiRNA and up to fivefold for the PpGNT1-amiRNA between the individual lines ( Fig. 1D ).
AmiRNA-directed cleavage of PpFtsZ2-1 and PpGNT1 mRNAs
The expression of the PpFtsZ2-1-amiRNA and PpGNT1-amiRNA should cause cleavage of the cognate mRNAs within the region complementary to the amiRNA sequences. To prove this, we performed 5' RACE-PCRs to detect specific PpFtsZ2-1 and PpGNT1 mRNA cleavage products. Using 5' RACE-ready cDNA prepared from one PpFtsZ2-1-amiRNA, one PpGNT1-amiRNA overexpression line and wild type, cleavage products of the expected size were only amplified from the amiRNA lines. Conversely, in wild type, the 5' RACE-PCRs yielded exclusively fragments derived from the full-length transcripts (Fig. 1E ). The PCR products corresponding to the expected size of the PpFtsZ2-1 and PpGNT1 mRNA cleavage products in the amiRNA lines were cloned and sequenced to determine the precise mRNA cleavage sites.
In 12 out of 18 clones analyzed, PpFtsZ2-1 mRNA cleavage occurred between nucleotide positions 11 and 12 with respect to the PpFtsZ2-1-amiRNA sequence whereas the remaining six clones resulted from cleavage of the PpFtsZ2-1 mRNA between nucleotides 12 and 13 ( Fig. 1E ). Normally, in plants, cleavage within a target transcript that is mediated by a 21 nt miRNA occurs between positions 10 and 11 with respect to the miRNA sequence (Llave et al., 2002) , suggesting that the actual amiRNAs produced from the PpFtsZ2-1-amiRNA construct were shifted by one or two nucleotides. However, the sequencing of six independent clones of PpGNT1 mRNA cleavage products revealed that cleavage occurred between positions 10 and 11 with respect to the PpGNT1-amiRNA sequence (Fig. 1E ) indicating a precise processing of the PpGNT1-amiRNA from the precursor construct.
Target sites in plant mRNAs normally share high sequence complementarity to the respective miRNA (Schwab et al., 2005) . To prove the specificity of the expressed PpFtsZ2-1-amiRNA, we analyzed if the mRNA of PpFtsZ2-2, the closest homolog of PpFtsZ2-1, is targeted by the PpFtsZ2-1-amiRNA. Compared to the PpFtsZ2-1-amiRNA recognition site in PpFtsZ2-1, the corresponding region within the PpFtsZ2-2 sequence contains 2 mismatches at positions 12 and 16. 5' RACE-PCRs were performed using a PpFtsZ2-2 gene specific primer. PCR products indicating amiRNA-guided cleavage products were not obtained. Instead, the 5' RACE-PCR yielded exclusively fragments corresponding to the PpFtsZ2-2 full-length transcript (Fig. 1E) . Thus, the PpFtsZ2-1-amiRNA exhibits high specificity, comparable to natural miRNAs.
AmiRNAs efficiently down-regulate PpFtsZ2-1 and PpGNT1 mRNA levels
As we detected amiRNA-directed cleavage of the PpFtsZ2-1 and PpGNT1 target mRNAs, we next analyzed the target transcript levels by RNA gel blots. Compared to wild type, we detected strongly reduced steady-state levels of PpFtsZ2-1 and PpGNT1 mRNAs in the respective amiRNA overexpression lines ( Fig. 2A) . However, PpFtsZ2-1 transcript levels were reduced to 1-2% in PpFtsZ2-1-amiRNA lines whereas PpGNT1 mRNA levels dropped to 10-20% in PpGNT1-amiRNA lines when compared to wild type plants. Furthermore, the efficiency of post-transcriptional silencing of PpFtsZ2-1 was similar in all three amiRNA overexpression lines, even though they differed with respect to the PpFtsZ2-1-amiRNA accumulation (Fig. 1D) , whereas the reduction of PpGNT1 transcript levels correlated with the PpGNT1-amiRNA expression levels. From these results we conclude that amiRNAs confer efficient down-regulation of their target mRNAs in Physcomitrella. As a control we also analyzed the steady-state levels of the sequence-related PpFtsZ2-2 mRNA in PpFtsZ2-1-amiRNA overexpression lines. In agreement with the absence of amiRNA-induced mRNA cleavage products, PpFtsZ2-2 transcript levels were similar in wild type and the three PpFtsZ2-1-amiRNA lines (Fig. 2A) .
The 5' RACE-PCR experiments performed with one of the PpFtsZ2-1-amiRNA line yielded additional fragments that differed substantially in size from the expected cleavage products (Fig. 1E) . After amiRNA-mediated cleavage of the mRNA, the cleavage products may serve as templates for synthesizing cRNA by RNA-dependent RNA polymerase (RdRP) (Vaistij et al., 2002) leading to the formation of dsRNA. Subsequently, the dsRNA may be processed into secondary siRNAs resulting in spreading of the initial amiRNA signal (Fig. 2B ). This mechanism, known as transitivity, usually is initiated by dsRNA triggers. In plants, the transitivity occurs in both directions of the initial dsRNA trigger (Moissiard et al., 2007) , whereas in animals spreading of the initial signal occurs only upstream of the trigger (Pak and Fire, 2007) . However, the onset of transitivity is a rare event after miRNA-mediated target cleavage (Howell et al., 2007; Moissiard et al., 2007) and is normally not observed after amiRNA-mediated target cleavage (Schwab et al., 2006) . To investigate the possibility of transitivity, we used sense and antisense oligonucleotides derived from PpFtsZ2-1 and PpGNT1 mRNA regions downstream the amiRNA recognition site for RNA gel blot analysis.
Sense and antisense siRNAs were only detected in PpFtsZ2-1-amiRNA and PpGNT1-amiRNA lines, respectively, but not in wild type (Fig. 2C) . We conclude that amiRNAs allow for an efficient down-regulation of mRNAs in Physcomitrella and the generation of transitive siRNAs from mRNA cleavage products may amplify the initial amiRNA trigger. However, the transitive effects are apparently not sufficient to have a major impact on sequence-related genes, as the PpFtsZ2-2 steady-state RNA levels were unaffected in PpFtsZ2-1-amiRNA overexpression lines (Fig. 2A) .
PpFtsZ2-1-amiRNA overexpressors phenocopy PpFtsZ2-1 null mutans
In this study, we have chosen two genes to evaluate the use of an amiRNA expression system in Physcomitrella. The targeted deletion of PpGNT1 which is involved in the N-glycosylation of proteins did not cause any phenotypic deviations (Koprivova et al., 2003) . In agreement with this previous study the two characterized PpGNT1-amiRNA lines were indistinguishable from Physcomitrella wild type plants. In contrast, PpFtsZ2-1 null mutants, which were generated by targeted gene disruption and lack expression of PpFtsZ2-1 mRNA, are impeded in chloroplast division leading to the formation of macrochloroplasts (Strepp et al., 1998) . In our study, the expression of the PpFtsZ2-1-amiRNA led to strongly reduced PpFtsZ2-1 mRNA levels. To compare knockout and amiRNA lines, we investigated the phenotypes of the three PpFtsZ2-1-amiRNA lines. In all lines, the accumulation of the amiRNA targeting PpFtsZ2-1 resulted in impaired chloroplast division and the formation of macrochloroplasts which phenocopied the PpFtsZ2-1 null mutants (Fig. 3, Supplemental Fig. S2 ). The formation of macrochloroplasts in the PpFtsZ2-1-amiRNA lines was observed in all tissues and cells analyzed indicating an efficient production of mature amiRNAs from constitutively expressed precursor transcripts.
Furthermore, we did not observe any particular phenotypic differences among the transgenic lines expressing the PpFtsZ2-1-amiRNA, which is consistent with the similar degree of 
DISCUSSION
The successful use of amiRNAs for the specific down-regulation of genes was shown for the dicotyledonous plants Arabidopsis, tomato and tobacco, and for the monocot rice (Parizotto et al., 2004; Alvarez et al., 2006; Niu et al., 2006; Schwab et al., 2006; Qu et al., 2007; Ossowski et al., 2008; Warthmann et al., 2008) . In most of the cases the amiRNA was expressed from endogenous miRNA precursors. However, high expression rates of amiRNAs were achieved in tobacco and tomato using the Arabidopsis miR164b precursor sequence indicating correct processing of conserved pre-miRNAs within seed plants (Alvarez et al., 2006) . In our study, we tested the application of amiRNAs for the specific silencing of genes in the bryophyte Physcomitrella making use of an amiRNA expression system, where the Arabidopsis miR319a precursor serves as the backbone for amiRNA expression and subsequent maturation and was developed to control gene expression in Arabidopsis (Schwab et al., 2006) . The miR319 family belongs to the highly conserved amiRNA families, even over large evolutionary distances and was also found in Physcomitrella (Arazi et al., 2005; Jones-Rhoades et al., 2006; Fattash et al., 2007) . Notably, miR319 stands out in that there is also considerable sequence conservation in the foldback, not only in the miRNA itself. Our comparison of the Arabidopsis miR319a precursor and the Physcomitrella miR319 precursor sequences confirmed nucleotide sequence conservation outside the miRNA/miRNA* region, implying similar foldback structures of the Arabidopsis and Physcomitrella miR319 pre-miRNAs. Indeed, we detected the correct processing of a mature 21 nt PpFtsZ2-1-amiRNA and PpGNT1-amiRNA, respectively, from the Arabidopsis miR319a precursor in transgenic Physcomitrella lines, indicating that the reconstructed miR319a pre-miRNA contains the essential recognition and processing information to enter the Physcomitrella miRNA biogenesis pathway. The PpFtsZ2-1 mRNA cleavage products were, however, offset by one and two nucleotides relative to the expected products (Llave et al., 2002) , suggesting that the PpFtsZ2-1-amiRNA was shifted by one or two nucleotides, respectively, relative to the intended amiRNA. A similar effect has been observed for some Arabidopsis amiRNAs (Schwab et al., 2006) . Because the originally designed amiRNAs were perfectly complementary, the shifted amiRNAs should still adhere to the targeting rules for miRNAs. The observation of shifted cleavage products suggested that release of the PpFtsZ2-1-amiRNA/miRNA* duplex from the precursor was not always precise, 13 consistent with observations on endogenous miRNAs (Rajagopalan et al., 2006) . Nevertheless, the Arabidopsis miR319a precursor can be used routinely for the expression of amiRNAs in Physcomitrella as the apparent shift by one nucleotide during the maturation of the amiRNA may result in a mismatch at the 3' end of the miRNA, which is not affecting target mRNA cleavage (Schwab et al., 2005) . Furthermore, cleavage of the PpFtsZ2-1 mRNA within the amiRNA recognition site indicates correct amiRNA/amiRNA* duplex recognition and amiRNA loading into the RISC complex.
Previous studies have shown that the transcript levels of amiRNA targets are in most cases anti-correlated with corresponding amiRNA levels (Schwab et al., 2006) . Among PpFtsZ2-1-amiRNA and PpGNT1-amiRNA lines analyzed, the amiRNA expression levels varied eightfold and fivefold, respectively. Nevertheless, the amiRNA expression caused a similar reduction of PpFtsZ2-1 and PpGNT1 mRNA levels to 1-2% and 10-20%, respectively, compared to transcript levels in wild type. This suggests that the amount of amiRNAs is not limiting in any of the lines. Instead, it is likely that the competition of natural miRNAs and amiRNAs in RISC loading determines the efficiency of post-transcriptional silencing of the PpFtsZ2-1 and PpGNT1 transcripts.
The formation of macrochloroplasts in the PpFtsZ2-1-amiRNA lines indicated impeded plastid division and resembled the phenotype of PpFtsZ2-1 knockout lines, which completely lack a functional transcript (Strepp et al., 1998) . We therefore conclude that the remaining PpFtsZ2-1 transcripts in the amiRNA lines are not able to generate sufficient PpFtsZ2-1 protein to support proper plastid division. In addition, amiRNA expression in the transgenic lines seems to be stable over long time periods as we did not observe any phenotypic reversion to wild type plastids in the PpFtsZ2-1-amiRNA overexpression lines after one year of subculture. We anticipate that the described amiRNA expression system will result in similar silencing efficiencies of any target gene and thus can be routinely used as an alternative to the generation of knockout mutants in Physcomitrella.
The efficient silencing of PpFtsZ2-1 and PpGNT1 by amiRNAs might be enhanced by the generation of transitive siRNAs, as we detected such siRNAs from the 3' cleavage products of 14 exception (Howell et al., 2007; Moissiard et al., 2007) . Furthermore, transitivity was suggested not to be a major factor contributing to amiRNA efficacy in previous studies, although this was inferred only indirectly from the lack of effects on sequence-related transcripts (Schwab et al., 2006; Warthmann et al., 2008) . Although we cannot exclude that siRNAs, which are produced from amiRNA-mediated mRNA cleavage products, can affect other genes not targeted by the original amiRNA, the PpFtsZ2-1 homolog PpFtsZ2-2, which shares high identity in sequence stretches of the coding region (Supplemental Fig. S3 ), seemed unaffected in PpFtsZ2-1-amiRNA lines. We detected neither cleavage products by 5' RACE-PCR, indicating siRNAmediated cleavage of PpFtsZ2-2 transcripts, nor reduced PpFtsZ2-2 steady-state mRNA levels, pointing to a post-transcriptional silencing of this gene. Thus, even though transitivity might be more common in Physcomitrella, the specificity of post-transcriptional silencing is apparently sufficient to silence single members of highly conserved gene families. Moreover, it might be preferable to design amiRNAs lacking perfect sequence complementarity at the 3' end, as this reduces transitivity (Moissiard et al., 2007) . (Schwab et al., 2006) enabling the analysis of genes with essential functions which cannot be analyzed by targeted gene disruption. Provided that other amiRNAs have a similar effect on the knockdown of their cognate target genes in Physcomitrella as observed in this study, they can be considered as an efficient alternative tool to the targeted gene knockout approach for reverse genetics studies in Physcomitrella. 
MATERIALS AND METHODS

Plant material and growth conditions
Transformation of Physcomitrella protoplasts
PEG-mediated transformation of Physcomitrella protoplasts was performed according to standard procedures (Frank et al., 2005) . Briefly, transformation was carried out using 25 μ g of linearized plasmid DNA. Transformed protoplasts were cultivated for 24 h under standard conditions in the dark and were then transferred to light. After ten days the protoplasts were transferred to solid Knop medium. Three days later, regenerating plants were transferred to Knop medium supplemented with hygromycin (Promega, Germany). The selection lasted two weeks and was followed by a two week release period on Knop medium without antibiotic followed by another round of selection and release. Plants surviving the second round of selection were screened by PCR to confirm integration of the DNA construct.
Generation of Physcomitrella lines expressing amiRNAs targeting PpFtsZ2-1 and PpGNT1
AmiRNAs targeting PpFtsZ2-1 (accession number AJ001586; amiRNA: 5'-TTCGTAATTAACGTGTCCGCG-3') and PpGNT1 (accession number AJ429143; amiRNA:
5'-TTCCAAATAATCAGGACGCTT-3') were designed using the amiRNA designer interface WMD (Schwab et al., 2006; Ossowski et al., 2008) . The PpFtsZ2-1-amiRNA and PpGNT1-amiRNA sequences were introduced into the Arabidopsis thaliana miR319a precursor by overlapping PCR using the following primers. GGATCCCCCCATGGCGATGCCTTAAAT-3'. PpGNT1-amiRNA: miRNA-sense 5'-GATTCCAAATAATCAGGACGCTTTCTCTCTTTTGTATTCC-3'; miRNA-antisense 5'-GAAAGCGTCCTGATTATTTGGAATCAAAGAGAATCAATGA-3'; miRNA*-sense 5'-GAAAACGTCCTGATTTTTTGGATTCACAGGTCGTGATATG-3'; miRNA*-antisense 5'-GAATCCAAAAAATCAGGACGTTTTCTACATATATATTCCT-3'; same primers A and B as described above. The plasmid pRS300 harboring the Arabidopsis miR319a precursor was used as PCR template (Schwab et al., 2006) . The resulting precursor fragments were cloned into the pJET1.2 cloning vector (Fermentas) and sequenced. The modified ath-miRNA319a precursor DNA fragments were cloned into SmaI and BamHI sites of the plant expression vector pPCV (Koncz et al., 1989) containing the CaMV 35S promoter, nos terminator and hpt selection marker cassette. Transgenic lines were analyzed by PCR to identify lines which had integrated the amiRNA overexpression constructs using the primers 5'-TGATATCTCCACTGACGAAAGGG-3' and 5'-GGATCCCCCCATGGCGATGCCTTAAAT-3'. PCR primers for the amplification of the Physcomitrella control gene EF1α were: 5'-AGCGTGGTATCACAATTGAC-3' and 5'-GATCGCTCGATCATGTTATC-3'. The one-step isolation of genomic DNA was performed according to the method of Schween et al. (2002) .
Small RNA Blots
Total RNA was isolated from protonema using Trizol reagent (Invitrogen) and separated in a and 5'-TCGGGAGAGATTTCCATGTC-3'. DNA labeling was carried out with the Rediprime II Random Prime Labeling Kit (GE Healthcare). Pre-hybridization was carried out at 67 °C for SSC, 0.1% SDS and one time with 1 x SSC, 0.1% SDS at 67°C. Signals were detected using the Molecular Imager FX (Bio-Rad).
Microscopy
For microscopic analyses we used the Axioplan 2 epifluorescence microscope equipped with an AttoArc HBO 100 W bulb and the stereomicroscope Stemi 2000-C (Carl Zeiss Inc., Jena).
Image acquisition was achieved using the Canon digital camera EOS D300 (Canon), and confocal laser scanning microscopy (TCS 4D, Leica).
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